In the present study, physico-chemical investigations have been carried out on the possibility of using Cameroonian volcanic or clay pozzolans as raw material for geopolymer or pozzolanic binder. The research had made some suggestive results and conclusions. Powders of less than 100 µm of five sampled pozzolans from volcanic or clay origins have been subjected to chemical and mineralogical analysis, BET specific surface, absolute density, granulometry and pozzolanic activity in solution tests. The results obtained showed that, geopolymers or pozzolanic binders can be produced from samples studied. The samples contain significant amounts of glassy or amorphous phase ready to dissolve in an alkaline solution. The high alkali content of volcanic pozzolans makes them more appropriate for geopolymer application. Clay pozzolans are the easier to grind in order to obtain the appropriate fineness and can be used for both geopolymers and pozzolanic binders.
Introduction
Environmental considerations and energy requirements have motivated researchers in recent decades to search for sustainability in the Portland cement industry [1] [2] [3] [4] . During the production of Portland cement clinker, a significant amount of CO 2 is released into the atmosphere. It is estimated that the production of every one metric ton of Portland clinker results in the emission of about one metric ton of CO 2 , a major greenhouse gas implicated in global warming. The World's Portland cement clinker production is responsible for about 7% of total CO 2 emissions [4] . To reduce the use of Portland cement clinker without decreasing the needed amount of cement for the construction industry, pozzolanic admixtures are partially added to Portland clinker during the grinding process [5] [6] [7] [8] . ASTM C618 defines a pozzolan as a siliceous or siliceous-aluminous material which, in itself, possesses little or no cement binding value but which will, in finely divided form in the presence of moisture, react chemically with calcium hydroxide at ordinary temperature to form compounds possessing binding properties. The amorphous silica, alumina or aluminosilicates present in pozzolans have also permitted the design of inorganic polymers (geopolymers) with promising mechanical behavior in the presence of an alkali solution [9] [10] [11] [12] . Essentially, geopolymers are a group of cement-like materials that are formed by reacting silicarich or alumina-rich solids with a solution of alkali-salts resulting in a mixture of gels and crystalline coumpounds that eventually harden into new strong compounds. They can gain reasonable strength in a short time. 70% of the final compressive strength can be obtained in the first 4 hours of setting [11] . Pozzolanic materials can be natural or artificial. Natural pozzolans are derived from volcanic projections (ash and scoria) or from natural amorphous rocks like opale [13] . Artificial pozzolans are made from activated alumino-silicates (clay, bauxite, laterite, etc.) or from industrial by-products and wastes like silica fume, fly ash, blast furnace slag and rice hush ash [13] . Theoretically, any pozzolanic mineral or source of silica and alumina that is readily soluble in alkali may serve as a geopolymer precursor [10] . Geopolymers from volcanic pozzolans have shown promising performance [11, 14] , but little attention is still given to this type of geopolymer compared to fly-ash or metakaolin geopolymers. Volcanic pozzolans are abundant in countries with past or present volcanism. These minerals, which are deposited at the surface during volcanic activity are readily accessible and have the advantage that they can be economically mined, with enormous benefits of low cost and lim-ited negative environmental impact compared to traditional open pit quarry-type clay mining [15] . Cameroon has a large reserve of raw materials for use as pozzolans. Several deposits of volcanic ash and scoria exist along the "Cameroon's line". Particularly on the slopes of Mount Cameroon, the Kumba plain, the slopes of Mount Manengouba, the Tombel plain, the Noun plain, the Lake Nyos and the Adamawa plateau [16] . Several clay deposits of a greater or lesser importance are scattered throughout the territory [16] . Some of them such as the deposits of Mayoum (Western Region) and Etoa (Central Region) have been studied for use in ceramics [17, 18] . However, these materials can have physico-chemical characteristics favorable or not for their use in the formulation of pozzolanic binders or geopolymers according to international standards and specifications.
In the present study, samples of five Cameroonian pozzolans materials from volcanic and clay origins have been studied for use in the elaboration of pozzolanic binders or geopolymers. The major chemical elements, the mineralogy, the grindability, the densities and the pozzolanic activity in solution of samples were investigated.
Materials and Experimental Procedure
The pozzolanic materials studied were: three volcanic scoria samples from Gouogouo (FVS1) and Fessang (FVS2) in the locality of Foumbot in the West Region and Djoungo (DVS) in the Littoral Region of Cameroon. A small part of volcanic scoria from Djoungo is being used as supplementary cementing material by a local cement factory [19] . A calcined common alluvial clay (TAC) from Etoa in the South-West of Yaoundé (Center Region) and metakaolin (MK) from the kaolin of Mayoum near Foumban in the West Region have also been studied. Previous studies on samples of the Etoa clay and the kaolin of Mayoum for use in ceramics have showed that they contain respectively 41% and 79% kaolinite respectively [20, 21] . Samples of volcanic scoria were dried, pulverized at 500 µm, milled for 5 h using an AMACO 132 ball mill and sieved totally at 100 µm. The common clay and kaolin samples were also pulverized at 500 µm and fired in an electric furnace at 750˚C for 1 hour at a heating rate of 3˚C/minute before milling and sieving using the same process as volcanic scoria. The fired products (TAC and MK) were left to cool freely in the furnace. The chemical and mineralogical analyses of samples were carried out using the Atomic Emission Spectrometer by Inductively Coupled Plasma (ICP-AES) and X-Ray Diffraction (XRD) respectively. MK and TAC also underwent Differential Thermal (DTA) and Gravimetric (TG) Analyses to evaluate the state of amorphisation of the materials. BET specific surface test, absolute densities test using an Accupyc1330 helium pycnometer, granulometry analysis by laser and pozzolanic activity in solution were also performed on samples. The pozzolanic activity test in solution was used to determine the lowering of the concentration of hydroxyl ions per gram of pozzolan in a lime saturated solution for a given time compared to the same lime solution containing no pozzolan. That method combined the requirements of the Chapelle test [22] and that of EN 196-5: 1994 standard. 20.00 g of pozzolan were introduced carefully in 100 ml of lime saturated solution. The mixture was maintained at 40˚C ± 1˚C statically for 8 days in hermetically sealed plastic boxes. 100 ml of lime saturated solution containing no pozzolan (control solution) was also maintained under the same conditions. The saturated solution was prepared by dissolving hydrated lime in excess in distilled water and filtered by the mean of vacuum filtration with an ash-less filter paper No. 111. At the end of the reaction period, the suspension was cooled and filtered. The filtrate was kept hermetically closed and the determination of the hydroxyl ion concentration of every filtrate was performed by titration with a hydrochloric acid (HCl) solution of concentration 0.1 mol/l. Compared to the result provided by the control solution, the lowering of the hydroxyl ions in solution was deduced. The end result is the average of three test results.
An industrial slaked lime (SL) of EN 459-1 CL 90-S type produced by the SB-Mercier company in France was used for the pozzolanic activity in solution test. [12] used kaolinite as raw material (sample I and II in Table 2 ), calcined between 450˚C and 800˚C and showed that the compressive strength of geopolymers cement paste made with this material increases with the increasing calcina- Table 2 ) and (sample V in Table 2 ) respectively and concluded that, glassy and deshydroxylated aluminosilicates which characterize volcanic ash can be dissolved in alkaline solution into silicate and alumino-silicate monomers prior to polycondensation into geopolymers structural materials. Dissolution and hardening time can be longer compared to metakaolin geopolymers but thermal curing between 200˚C and 400˚C can be applied as an activation factor. The good densification behavior, good mechanical properties and lower porosity of volcanic based geopolymers indicated that these materials can be suitable for building application. When sodium hydroxide as the sole alkaline solution is used as the activator, the result showed that this low-energy geopolymerization can synthesize these natural pozzolanic raw materials into viable products with properties suitable for building and low-grade refractory applications. The chemical composition of raw materials used by these various authors is shown in Table 2 .
Results and Discussion

Chemical Analysis of Materials Used in the Study
for use as geopolymer raw materials. Although standards are not yet available for geopolymers, this partial conclusion was made by comparing the chemical composition of pozzolans studied to that of some alumino-silicates used to elaborate geopolymers with satisfactory results by several authors: Elimbi et al.
Mineralogical Analysis
The XRD patterns of the volcanic scoria are shown in Figure 1 . [23] , the absence of quartz in some natural pozzolans is due to the fact that the total silica of sialic phases is in deficit compared to the composition of feldspars (except in special case where it would be in the exact ratio). The absence of quartz indicates the presence of feldspathoids which are silicates close to feldspars but containing less silica. Therefore, the coexistence of these minerals with free silica (quartz) is impossible. The detection of quartz in the scoria studied excluded the presence of feldspathoids like leucite, pollicite, analcime, sodalite, etc. and confirmed the presence of the mineral phases found in samples. The profile of the base of the XRD patterns of volcanic scoria indicated the presence of a considerable amount of glassy phase in samples. From the work of Millet et al. [27] concerning natural pozzolans, it has been noted that the surface of the diffraction band due to the presence of glass in scoria is directly proportional to the quantity of glassy phase in samples. The rapid cooling of magma in the atmosphere during volcanic eruption is at the origin of the glassy phase in scoria. Millet et al. [27] have also demonstrated that, the glassy phase content of natural pozzolans is related to the content of SiO 2 and CaO in samples. When the difference between SiO 2 and CaO content is below 34%, pozzolans would not include the glassy phase. After calculating this difference for the three samples of volcanic scoria using the data in Table  1 , we obtained 39.13%, 35.46% and 36.6% for FVS1, FVS2 and DVS respectively. This is a confirmation of the presence of the glassy phase in volcanic pozzolans studied. The presence of that glassy phase would play a major role in the reactivity of the scoria sample in the presence of Ca(OH) 2 and water to form pozzolanic binders or in the presence of NaOH or KaOH and water to form geopolymers. Figures 2 and 3 indicated the presence of kaolinite, quartz and hematite as major minerals in the raw material of TAC; kaolinite, illite, quartz and anatase are the major minerals present in the raw material of MK respectively. When the clay samples were activated at 750˚C, the kaolinite crystal structure was transformed into an amorphous state not detectable by X-rays. It is for this reason that the peak of kaolinite is absent on XRD patterns of TAC and MK in Figures 2  and 3 . More noticeable, the kaolinite peak around two theta = 12.29˚ no longer exist. The total transformation of the kaolinite of TAC and MK in an amorphous state was confirmed by DTA-TG analysis of samples in Figure 4 in which no thermal reaction was observed in samples up to 900˚C, except the transformation of quartz α to quartz β shown by TAC at about 600˚C. The quartz present in theses samples is not reactive but, it will play a filler role in the cement matrix obtained from the pozzolanic or the polymerization reactions by reinforcing the strength, the durability and the resistance to chemical attacks of the cement matrix [14, 28] . Figure 5 indicated that, sample SL is consisted essentially with Ca(OH) 2 and quartz is present as impurity. Table 3 indicates the specific surfaces and absolute densities of samples. Compared to clay pozzolans, volcanic pozzolans are samples with lower specific surfaces, less than the general specific BET surface of Portland cement which is 1.5 m 2 /g. In solution, when the pH is favorable, the reactivity of pozzolans depends on the kinetic of the solubility of reactive compounds which itself depends on the specific surface of particles [29] . If some pozzolans like silica fume are naturally in a very fine form, others acquire their fineness from grinding. Volcanic pozzolans will need more grinding energy to achieve the proper fineness than clay pozzolans. The high fineness of clay pozzolans can be explained by the fine nature of raw clay compared to volcanic scorias which are also heavier in term of absolute density. Those high absolute densities can be explained by the high Fe 2 O 3 and CaO content of volcanic pozzolans compared to clay pozzolans. The granulometry analysis of the samples is shown in Figure 6 . Samples TAC and MK are those having high proportions of fine particles with 36% and 35% particles less than 10 µm respectively. FVS1, FSV2 and DSV have respectively about 27%, 17% and 20% of their particles less than 10 µm. For particles less than 45 µm, the proportions are 80% for the clay pozzolans and 53%, 67% and 70% respectively for FSV1, FSV2 and DSV. Those proportions are in accordance with ASTM C 618 standard which recommend a minimum of 34% particles less than 45 µm for supplementary cementing materials. The high fineness of clay pozzolans is at the origin of their igh BET specific surfaces. h 
Specific Surface, Absolute Densities and Granulometry
Pozzolanic Activity in Solution
The study of the pozzolanic activity of samples in solution gave the result in Figure 7 . The concentration of the sodium hydroxide solution used for titration was 0.0912 mol/l. It was calculated by assuming that all OH − ions in the lime saturated solution are from the Ca(OH) 2 which was the main component of SL. From this result, the pozzolans from clay origin (TAC and MK) were samples that absorbed more Ca(OH) 2 in solution compared to volcanic pozzolans. This high reactivity of clay pozzolan can be explained by their high fineness. Globally, the result of the pozzolanic activity of samples in solution was in concordance with the result of BET specific surface test. When samples entered in contact with the Ca(OH) 2 solution, their acidic and amphoteric compounds reacted through an acido-basic reaction. The mechanism of that reaction differs from clay pozzolans to volcanic ones. In the case of volcanic pozzolans a mechanism was proposed by Dron [30] , by using orthoclase (KAlSi 3 O 8 ) which is a feldspath with a structure made by three tetrahedral units of SiO 2 and one ions. It is those last ions that react with Ca 2+ ions to form hydrated calcium silicates. The glassy structure having less strong bonds is more predisposed to the replacement of O 2− ions by OH − ions and thus the dissolution of tetrahedral units.
